The postsynaptic scaffold protein gephyrin is clustered at inhibitory synapses and serves for the stabilization of GABA A receptors. Here, a comprehensive kinome-wide siRNA screen in a human HeLa cell-based model for gephyrin clustering was used to identify candidate protein kinases implicated in the stabilization of gephyrin clusters. As a result, 12 hits were identified including FGFR1 (FGF receptor 1), TrkB, and TrkC as well as components of the MAPK and mammalian target of rapamycin (mTOR) pathways. For confirmation, the impact of these hits on gephyrin clustering was analyzed in rat primary hippocampal neurons. We found that brain-derived neurotrophic factor (BDNF) acts on gephyrin clustering through MAPK signaling, and this process may be controlled by the MAPK signaling antagonist sprouty2. BDNF signaling through phosphatidylinositol 3-kinase (PI3K)-Akt also activates mTOR and represses GSK3␤, which was previously shown to reduce gephyrin clustering. Gephyrin is associated with inactive mTOR and becomes released upon BDNFdependent mTOR activation. In primary neurons, a reduction in the number of gephyrin clusters due to manipulation of the BDNFmTOR signaling is associated with reduced GABA A receptor clustering, suggesting functional impairment of GABA signaling. Accordingly, application of the mTOR antagonist rapamycin leads to disinhibition of neuronal networks as measured on microelectrode arrays. In conclusion, we provide evidence that BDNF regulates gephyrin clustering via MAPK as well as PI3K-Akt-mTOR signaling.
Introduction
Synaptic connectivity in neuronal networks relies on the development of excitatory and inhibitory synapses. However, once the network is established, further mechanisms of plasticity may control the number and efficacy of presynaptic and postsynaptic specializations (Jin et al., 2011) . Postsynaptic scaffolding molecules like PSD-95 in the case of excitatory synapses and gephyrin in the case of inhibitory synapses assemble neurotransmitter receptors in the postsynaptic membrane and thereby contribute to the dynamics or stabilization of synapses (Kim and Sheng, 2004; Luscher et al., 2011; Xu, 2011) . In the case of inhibitory synapses, ablation of the gephyrin gene disassembles GABA A receptors and reduces the number of GABAergic synapses (Kneussel et al., 1999; Jacob et al., 2005; Yu et al., 2007) . The transport of gephyrin to the submembrane compartment depends on its association with collybistin II, a GEF (GTP exchange factor) specific for cdc42 (Kins et al., 2000; Harvey et al., 2004; Xiang et al., 2006; Saiepour et al., 2010) . A contribution of the GTPase cdc42 to gephyrin clustering remains controversial (Reddy-Alla et al., 2010; Tyagarajan et al., 2011b) . Gephyrin clusters may be further stabilized in the submembrane compartment via interactions with the transmembrane receptor neuroligin-2 (Graf et al., 2004; Poulopoulos et al., 2009 ). However, signaling cascades controlling membrane translocation of gephyrin remain elusive. One upstream mechanism may be represented by the interaction between the receptor tyrosine kinase (RTK) tropomyosin-related kinase B (TrkB) and its ligand brainderived neurotrophic factor (BDNF). BDNF contributes to the formation and maturation of GABAergic synapses (Bao et al., 1999; Seil and Drake-Baumann, 2000) . The BDNF receptor TrkB was shown to be required for gephyrin clustering (Chen et al., 2011) . Fibroblast growth factor receptor 1 (FGFR1) has also been shown to account for the control of gephyrin clusters at the axon initial segment after interaction with the cell adhesion molecule neurofascin (Kriebel et al., 2011) . These findings suggest a general involvement of RTK signaling for gephyrin clustering.
For a comprehensive understanding of contributing signaling pathways, we undertook a genome-wide siRNA screen to identify protein kinases implicated in gephyrin clustering. Hits found include the RTKs TrkB, TrkC, and FGFR1 as well as components of mitogen-activated protein kinase (MAPK) and phosphatidylinositol 3-kinase (PI3K)-Akt pathways that are connected to RTK signaling. The impact of BDNF signaling on gephyrin clustering was corroborated in primary neurons. The experiments reveal a novel mechanism for the control of gephyrin clustering including the activation of mTOR via PI3K-Akt signaling. Activated mTOR shows reduced interaction with gephyrin, which correlates with increased gephyrin clustering.
Materials and Methods
HeLa cell-based siRNA screen. Cultivation and transfection of HeLa cells was performed essentially as described previously (Kriebel et al., 2011) . A total of 710 individual siRNAs targeting all known 518 protein kinases plus 192 protein kinase-associated proteins (Silencer Select Human Kinase siRNA Library V4; Invitrogen) was transfected into HeLa cells. The library consisted of 2130 different siRNAs with three independent siRNAs for each of the 710 targets. In an initial experiment, a first siRNA was applied for each of all 710 targets. For each of the 12 hits obtained, the experiment was repeated with a second siRNA to rule out off-target effects (see Fig. 1 D) . In case that the second siRNA did not reproduce the effects of the first siRNA, a third siRNA was applied. A gene was defined as a hit if at least two independent siRNAs resulted in a significant decrease of the gephyrin cluster size compared with the positive control (EGFP-gephyrin, CBII SH3Ϫ , neurofascin NF166) in two independent experiments. Confirmation of trkB and FGFR1 as hits was performed by three independent experiments (see Fig. 2 ). siRNA was combined with the plasmids pEGFP-C2/gephyrin (kindly provided by H. Betz and G. O'Sullivan, Frankfurt, Germany), pRK5myc/collybistin SH 3Ϫ (a gift from R. J. Harvey, London, UK), and neurofascin NF166 (Pruss et al., 2006) (0.3 g each, equal total plasmid concentrations were used) in OptiMEM (Invitrogen) before addition of the Lipofectamine 2000/OptiMEM solution (final concentration of siRNA, 26.6 nM). After 3 d cultivation, EGFP-gephyrin clustering was determined by visual inspection in blinded trials.
Transfection of primary neurons. Primary hippocampal or cortical neurons were prepared from E17 rat embryos of either sex as described previously (Kriebel et al., 2011 ) and cultivated at a density of 1.8 ϫ 10 5 cells/cm 2 for 96-well plates, or of 2 ϫ 10 5 cells/cm 2 in 12-well plates, respectively. Both cortical and hippocampal neurons were shown to respond to BDNF treatment by activation of MAPK or PI3K-Akt signaling (Hetman et al., 1999; Kumar et al., 2005) . For the transient transfection of hippocampal neurons, 500 ng of plasmid DNA or siRNA (final concentration, 26.6 nM) were transfected using 1 l of Lipofectamine 2000 (Invitrogen) in 80 l of the plating medium. Neurons were transfected at DIV 10 and were fixed after 7 additional days of incubation. Plasmids used were as follows: pEGFP-N1 (Clontech), pcDNA3.1/sprouty2 (from Mus musculus; gift from L. Klimaschewski, Innsbruck, Austria), pEGFP-N1/MEK2 wild-type, dominant-negative, and constitutively active variants are derived from pDONR223-MAP2K2, LZRS-Mek2-K101A, and LZRS-Mek2- KW71 (www.addgene.org; plasmids 23555, 21191, 21192) . Inserts of MEK2 plasmids were subcloned into pEGFP-N1 vector using SacII and HpaI restriction enzymes. Constitutively active variants of GSK3␤ and Akt1 were expressed by plasmids HA GSK3␤ S9A in pcDNA3 and myrAkt ⌬4-129 (www.addgene.org; plasmids 14754, 10841). All plasmids were used at equal amounts. The following rat-specific siRNAs were used: siMEK2 (Applied Biosystems; siRNA ID s133009); siNTRK2 (TrkB) (Applied Biosystems; siRNA ID s128896). Inhibitors and recombinant proteins were dissolved in dimethylsulfoxide (DMSO) or water and added to hippocampal neurons (DIV 16) to final concentrations of 10 M for MEK2 inhibitor 1,4-diamino-2,3-dicyano-1,4-bis(2-aminophenylthio)butadiene (U0126) (Merck), 10 M for PI3K inhibitor 2-morpholin-4-yl-8-phenylchromen-4-one (LY294002) (Merck), 200 nM for mTOR inhibitor rapamycin (Merck), and 200 ng/ml for TrkB ligand BDNF (Sigma-Aldrich). Analyses were performed 24 h after addition of the reagents.
Amaxa Rat Neuron Nucleofector Kit (Lonza Group) was used to analyze endogenous expression levels of TrkB after siCTR or siTrkB transfection. A total of 5 ϫ 10 6 cortical neurons per transfection was centrifuged at 150 ϫ g after preparation, resuspended using 100 l of Nucleofection Reagent in the presence of 2 g of pmaxGFP plasmid as well as siRNA at a final concentration of 80 nM. The suspension was then transferred to a cuvette for nucleofection (program G-013). Transfection efficiency was at ϳ60% as roughly calculated by transfection of the GFP expression plasmid (pmaxGFP) as an indicator. The true transfection efficiency of siRNA is expected to be much higher. RNA preparation and quantitative RT-PCR were performed after 3 d.
RNA preparation and RT-PCR analysis. Total RNA of transfected cortical neurons (DIV 3) was prepared using RNeasy Mini Kit (QIAGEN) according to manufacturer's guidelines. DNase digest as well as cDNA synthesis were performed according to manufacturer's instruction using RQ1 DNase (Promega) as well as M-MuLV reverse transcriptase (New England Biolabs). Quantitative real-time PCR (qRT-PCR) was performed on the 7500 Fast Real-Time PCR System (Applied Biosystems/ Invitrogen). The following assays were used: GAPDH (VIC/MGB), Rn01775763_g1; Ntrk2 (TrkB) (FAM), Rn 01441749_m1 (Applied Biosystems/Invitrogen).
Immunocytochemistry. For immunocytochemical analysis, the following antibodies were used: anti-gephyrin (mAb7a; 1:100; Synaptic Systems), anti-MAP2 (1:1000; Sigma-Aldrich), anti-PSD-95 (1:100; Cell Signaling Technology/New England Biolabs), and anti-GABA A receptor ␥-subunit (1:200; Synaptic Systems).
HeLa cells were fixed 3 d after transfection, and primary hippocampal neurons at DIV 17 using 4% paraformaldehyde/PBS for 10 min. After blocking and permeabilizing (0.2% Triton X-100 in PBS containing 1ϫ BMB blocking reagent; Roche), cells were incubated overnight at 4°C in primary antibody diluted in blocking solution. Subsequently, cells were washed three times using PBS before the secondary antibody (1:400; Cy3/Cy5-coupled goat anti-mouse respectively goat anti-rabbit; Dianova) was added for 1 h at room temperature. Nuclei were stained using Hoechst 33258 (1:1000; Sigma-Aldrich).
Immunoprecipitation and Western blot. For immunoprecipitation, primary cortical neurons were cultivated in 12-well plates for 17 d. Neurons were then pretreated with rapamycin (200 nM) or DMSO for 30 min. Then BDNF was added to the culture at a final concentration of 200 ng/ml for an additional 30 min. For each treatment, 6 -8 wells of a 12-well plate were used and pooled at later stages. Cells were washed using ice-cold PBS, and then 50 l of IP-lysis buffer (10 mM Tris-HCl, pH 7.5, 100 mM NaCl, 10 mM EDTA, 0.5% Triton X-100, 0.5% desoxycholate) was added to each well and incubated for 10 min on ice. Using a cell scraper, the lysates were collected, pooled, and centrifuged for 10 min at 4°C at 16,000 ϫ g in an Eppendorf centrifuge. Protein concentrations were determined (BCA assay kit; Pierce/Thermo Fisher Scientific). A total of 600 g of total protein was mixed with the appropriate amount of anti-mTOR antibody (1:100; no. 2972; Cell Signaling Technology/New England Biolabs) and incubated at 4°C for at least 6 h on a rotating device. Subsequently, 25 l of a suspension (50% v/v) of protein A-Sepharose (Sigma-Aldrich) was added and incubated overnight at 4°C on a rotating device. The beads were then washed in five alternate steps of centrifugation and resuspension in lysis buffer. Samples of the lysates and of the immunoprecipitate were separated by SDS-PAGE and transferred to a nitrocellulose membrane by Western blotting. Detection was performed using horseradish peroxidase-coupled goat anti-rabbit secondary antibodies (Dianova), ECL substrate (GE Healthcare), and conventional development using x-ray films (GE Healthcare). The following primary antibodies were used: anti-gephyrin (1:1000; Synaptic Systems) and anti-mTOR antibody (1:1000; no. 2983; Cell Signaling Technology/ New England Biolabs).
For analysis of cellular signaling, cortical neurons were plated on 12-well plates at a density of 2 ϫ 10 5 cells/cm 2 . At DIV 17, cells were pretreated for 30 min using DMSO, MEK2 inhibitor U0126, PI3K inhibitor LY294002, or mTOR inhibitor rapamycin. The cells were treated with TrkB ligand BDNF for 30 min before lysis using 80 l of 2D electrophoresis buffer (Rabilloud, 2009) . Protein concentration in the lysates was determined using the Coomassie Plus Protein Assay (Pierce; Thermo Fisher Scientific); Western blotting was performed as described above. The primary antibodies were purchased from Cell Signaling Technology/New England Biolabs, except for the anti-GSK3␣/␤ pTyr279/Tyr216 antibody, which was purchased from Epitomics/BIOMOL and the anti-␤-Actin antibody (Sigma-Aldrich). As secondary antibodies, IRDye800CW-conjugated goat anti-rabbit IgG and IRDye680-conjugated goat anti-mouse IgG (LI-COR) were used, and protein bands were recorded on an Odyssey Infrared Imaging System (LI-COR). Densitometric analysis of band intensities was performed using the gel ana-lyzer function of ImageJ software (Wayne Rasband, National Institutes of Health, Bethesda, MD); for densitometric analysis of the Western blots, the Multi Gauge software package (FujiFilm) was used.
Image acquisition, analysis, and statistical analysis. Confocal fluorescence images were acquired at 23°C using a Zeiss LSM510 Meta confocal microscope equipped with a 63ϫ Plan-Apochromat oil-immersion objective (NA 1.4; Carl Zeiss). Single images of HeLa cells, and Z-stacks of primary hippocampal neurons were recorded. The images were processed and analyzed using Imaris software (Bitplane). Briefly, images of primary hippocampal neurons were analyzed with the Imaris software with the possibility of threedimensional reconstruction. A surface mask was built for the MAP2 or EGFP channel. This mask was used to build a new channel including all synaptic spots (gephyrin or PSD-95), which colocalized to the MAP2 or EGFP mask. Then a region of interest was built containing the first 20 m of a dendrite and another mask was built containing all synaptic spots in this area. As a result, Imaris software was able to give information about the size and number of spots in the constructed mask. All figures displaying primary hippocampal neurons are the result of Imarisrenderedimages.ForHeLacells,imageswere also processed using Imaris software, but only the surface of EGFP-gephyrin was calculated. Within each experiment, exposure time for image acquisition, and imaging settings for contrast, brightness, resolution, and threshold values were applied identically.
Statistical analysis were performed using StatView software (SAS Institute). A t test or ANOVA analysis was performed: values of p were as follows: *p Ͻ 0.05, **p Ͻ 0.01, and ***p Ͻ 0.001. All experiments were performed at least three times independently of each other.
Electrophysiology and spike data analysis. Cortical neurons were prepared as described previously (Kriebel et al., 2011) ity in the cultures of different ages, all control data were recorded at day 21 in vitro. All recordings following the application of rapamycin and additional control recordings were performed on DIV 24. The arrays were sealed with a semipermeable membrane that keeps the cultures sterile and allows for multiple recording sessions. Each culture was recorded for 10 min on DIV 21 and on DIV 24, respectively. Extracellular recordings of four cultures treated with rapamycin were additionally performed on DIV 22 and on DIV 23 to estimate whether the mean firing rate changes throughout the time interval investigated. Parallel extracellular recordings were obtained using a MEA-60 amplifier (bandpass, 0.3-3 kHz; sampling rate, 25 kHz) with MCRack (Multi Channel Systems MCS). The extracellular waveforms were assigned to single cells following spike sorting (MCRack) and Waveclus (Quiroga et al., 2004) . The spike sorting fidelity was confirmed by inspection of the refractory period. Only properly sorted electrodes were considered for further analysis performed with Matlab (MathWorks).
Results

siRNA library screen for the identification of protein kinases involved in gephyrin clustering
For the identification of genes implicated in gephyrin clustering, a suitable assay system was developed to enable large-scale screening of siRNA libraries. HeLa cells expressing EGF-P-gephyrin as well as the collybistin isoform CBII SH3Ϫ were used to study gephyrin clustering in a surrogate model . Transfection of cells using an EGF-P-gephyrin construct in the absence of CBII SH3Ϫ yields intracellular aggregates of EGFP-gephyrin while coexpressed GABA A receptors remain equally distributed at the cell surface (Fig. 1A-AЉ) . Cotransfection of cells using EGFP-gephyrin and CBII SH3Ϫ constructs results in the formation of submembrane gephyrin clusters that colocalize with GABA A receptors Kriebel et al., 2011) ( Fig. 1 B-BЉ ). An siRNA library was to be screened for candidate sequences that reduce gephyrin clustering in the HeLa cell model. However, the small size of membrane-bound gephyrin clusters as well as the observed variability of cluster formation in individual cells precluded the reliable detection of changes in gephyrin clustering in a high-throughput format. We therefore decided to boost gephyrin clustering by coexpression of the cell adhesion molecule neurofascin, which induces considerable enlargement of gephyrin cluster size (Fig.  1C) (Kriebel et al., 2011) . To rule out that neurofascin expression merely induces intracellular deposits of gephyrin rather than promoting enlarged submembrane gephyrin clusters, we analyzed the expression of both gephyrin and GABA A receptor by confocal immunofluorescence microscopy: In the presence of neurofascin and CBII SH3Ϫ , GABA A receptors remained completely colocalized with gephyrin ( Fig. 1C-CЉ) , indicating that the gephyrin clusters are membrane associated in the presence of neurofascin. The number of gephyrinspecific fluorescent spots observed represents a further criterion for the discrimination between intracellular gephyrin deposits and membrane gephyrin clusters. If gephyrin is located in intracellular deposits, Ͻ10 fluorescent spots are observed in transfected HeLa cells (Fig. 2E) . Membrane-bound gephyrin is expressed in Ͼ100 spots per cell. Therefore, only cells with Ͼ10 gephyrin spots were considered in the siRNA screen to focus on reduced clustering rather than impaired transport.
Gephyrin is known to be phosphorylated by protein kinases that may be implicated in the regulation of gephyrin clustering (Langosch et al., 1992; Zita et al., 2007; Huttlin et al., 2010) . Therefore, siRNAs targeting the mRNA of all known human protein kinases as well as adapter molecules (710 targets in total, two independent siRNAs for each hit minimum; Fig. 1 D) were transfected into HeLa cells for subsequent analysis. Hits were defined as genes for which at least two independent siRNAs were found that reduce EGFP-gephyrin clusters to rule out offtarget effects (for quantification and summary, see Fig. 1 E, F ) . Hits that obviously impaired cell viability were not considered. Hits included siRNAs directed against FGFR1, TrkB, and TrkC, indicating that RTK signaling in general might control gephyrin clustering in HeLa cells. As exemplified for TrkB and FGFR1, knockdown of each receptor by two independent siRNAs resulted in a significant decrease in gephyrin cluster area, while scrambled control siRNA remained ineffective as shown in Figure 2 A-D. By contrast, the number of gephyrin clusters remained unaffected in HeLa cells (Fig.  2 E) . Expression and efficient knockdown of TrkB and FGFR1 mRNAs in HeLa cells were analyzed by quantitative RT-PCR (Fig. 2 B) . Further hits identified represent components of the MAPK pathway including A-raf and MEK2 (Fig. 3) . It is noteworthy that, in the case of the MAPK pathway component Erk2, gephyrin clustering was reduced by only one siRNA. Therefore, Erk2 was excluded from the original hit list. Likewise, we identified testicular protein kinase 1 (Tesk1) and dual-specificity tyrosine-phosphorylated and -regulated kinase 1A (Dyrk1A), which represent negative regulators of sprouty2. Sprouty2 antagonizes RTK-induced MAPK signaling (Edwin et al., 2009 ). In conclusion, independent identification of four regulatory components of MAPK signaling underlines the crucial importance of this pathway for gephyrin clustering in HeLa cells. On the other hand, PI3K-Akt signaling components including the three catalytically active kinases PIK3CB, PIK3C3, and PIK3C2G together with Akt2 were identified. Since an interaction of gephyrin with mTOR was previously documented , we supposed that gephyrin clustering may be regulated via mTOR induced by the PI3K-Akt pathway, although the identity of the PI3K involved in gephyrin clustering in neurons remains elusive. The siRNAs targeting different hits may also impair the stability of gephyrin rather than clustering. As shown in Figure 2 , F and G, by Western blot analysis, EGFP-gephyrin fusion protein was expressed together with endogenous gephyrin as a doublet in HeLa cells. Treatment with siRNA specific for TrkB, MEK2, or FGFR1 did not change gephyrin expression, indicating that reduced gephyrin clustering is not caused by decreased gephyrin expression levels.
TrkB signaling regulates gephyrin clustering in neurons
Having identified candidate protein kinases for the regulation of gephyrin clustering in a HeLa cell-based screen, these were further validated in more relevant primary hippocampal neurons after transfection of additional independent siRNA constructs. Treatment with TrkB-specific siRNA significantly reduced the (C, D) . For control, PSD-95 spots of excitatory synapses are stained in red (E, F), and GAD65 spots in yellow (G, H). All images were rendered using Imaris software. I, Quantification of gephyrin, ␥2 subunits of GABA A receptors, PSD95, and GAD65 cluster densities on dendrites. n ϭ 30; ***p Ͻ 0.0001, ANOVA. Error bars represent SEM. Scale bars, 10 m. expression of TrkB mRNA to 36.6% of the control level as shown by quantitative RT-PCR ( p Ͻ 0.0001, t test). The density of endogenous gephyrin clusters was quantified on dendritic segments. The TrkB-specific siRNA significantly reduced gephyrin clustering compared with neurons transfected using the control siRNA (Fig. 4) . Accordingly, stimulation of hippocampal neurons with BDNF significantly induced gephyrin clustering, which is in line with the previously reported role of TrkB (Chen et al., 2011) (Fig. 5E) . By contrast, clustering of PSD-95, the scaffold molecule of excitatory synapses, remained unaffected. Since gephyrin is involved in the organization of GABA A receptors, we inspected clustering of the ␥2 subunit, which is required for postsynaptic clustering of GABA A receptors (Essrich et al., 1998) . In addition to affecting gephyrin clustering, TrkB knockdown also impaired clustering of the ␥2 subunit of GABA A receptors. A possible contribution of presynaptic mechanisms was tested by quantification of GAD65-positive spots on dendrites. However, no significant change in the density of GAD65 spots was observed. This is in accordance with our screening system, which detects hits in the absence of presynaptic input. In conclusion, our results confirm the results of the HeLa cell-based screen and link BDNF-TrkB signaling to gephyrin and concomitant GABA A receptor clustering.
Involvement of Akt-mTOR and MAPK pathways in gephyrin clustering
To further corroborate the function of BDNF-TrkB signaling, we analyzed a possible contribution of the PI3K-AktmTOR pathway for gephyrin clustering in cultured hippocampal neurons. As shown in Figure 5 , the mTOR antagonist rapamycin efficiently reduced the density of endogenous gephyrin clusters on dendrites. A possible explanation for this effect may rely on the action of endogenous BDNF secreted in functionally active cultures. mTOR may be activated by BDNFTrkB signaling via PI3K and Akt, both of which were hits in the primary screen in HeLa cells. Accordingly, inhibition of PI3K by LY94002 significantly reduced the density of gephyrin clusters. Increased gephyrin clustering in the presence of exogenous BDNF was also sensitive to rapamycin or LY294002 treatment. On the other hand, PSD-95 clustering remained unchanged in the presence of mTOR or PI3K inhibitors, suggesting that the viability and general functionality of neurons is not compromised by inhibitor treatments. Western blot analysis revealed that BDNF treatment did not affect endogenous gephyrin expression (Fig. 5G) , indicating that BDNF modulated gephyrin clustering rather than gephyrin expression.
Gephyrin clustering was further inspected in hippocampal neurons after transfection of siRNA specific for MEK2 as well as constitutively active or dominant-negative variants of MEK2 (caMEK2 and dnMEK2, respectively) ( Fig. 6A-I ). Overexpression -D) , while postsynaptic components of dendritic GABAergic synapses are indicated in yellow. Gephyrin-positive spots are enlarged in A-D. All images were rendered using Imaris software. Scale bars, 10 m. E, Quantification of the gephyrin cluster density after overexpression of different MEK2 overexpression constructs. n ϭ 60; p ϭ 0.0016. F, Quantification of PSD-95 cluster densities after overexpression of different MEK2 overexpression constructs. n ϭ 60; p ϭ 0.0020. G, Quantification of the gephyrin cluster density after transfection of siRNA specific for MEK2 and rescue by caMEK2 overexpression. n ϭ 60; p Ͻ 0.0001; p ϭ 0.0062. H, Quantification of PSD-95 cluster density after transfection of MEK2-specific siRNA. n ϭ 60. I, Quantification of gephyrin cluster density after cotransfection of trkB-specific siRNA and constitutively active MEK2 or Akt1 for rescue. n ϭ 30; p Ͻ 0.0001 (siCTR vs siTrkB); p ϭ 0.0009 (siTrkB vs siTrkB/caAkt1); p ϭ 0.0002 (siTrkB vs siTrkB/caMEK2). J, Quantification of the gephyrin cluster density after cotransfection of overexpression constructs for sprouty2 or constitutively active GSK3␤. sprouty2, n ϭ 40, p Ͻ 0.0086, n ϭ 30, GSK3␤, p Ͻ 0.0001, ANOVA. Error bars represent SEM. **p Ͻ 0.01; ***p Ͻ 0.0001. of dnMEK2 significantly reduced the density of gephyrin clusters, while overexpression of caMEK2 did not affect gephyrin clustering (Fig. 6E) . Possibly, the amount of available gephyrin molecules for clustering was limiting. By contrast, overexpression of dnMEK2 did not affect PSD-95 (Fig. 6F) , while caMEK2 induced PSD-95 clustering. siRNA targeting MEK2 reduced the density of endogenous gephyrin clusters significantly (Fig. 6G) . Generally, retraction of synapses may be induced by siRNA-induced off-target effects and therefore require further controls (Alvarez et al., 2006) . The observed reduction of gephyrin clustering by MEK2-specific siRNA was partially restored by coexpression of human caMEK2 not targeted by rat siRNA indicating that off-target effects are not involved (Fig. 6G) . In a further control experiment, clustering of PSD-95-positive spots remained unaffected by siRNA specific for MEK2 (Fig. 6 H) . Reduced gephyrin cluster density after trkB knockdown was also rescued in the presence of overexpressed caAkt1 or caMEK2. Therefore, BDNF-TrkB induced gephyrin clustering may rely on independent activity of either the MAPK or the PI3K-Akt pathway (Fig. 6 I) . The identification of Tesk1 and Dyrk1A as essential modulators of gephyrin clustering in the HeLa cell screen led us to ask for a role of the MAPK pathway antagonist sprouty2, which is expressed in neurons and may serve as a target for Tesk1 and Dyrk1A (Hausott et al., 2012) .Transfectionofanexpressionvectorfor sprouty2 significantly reduced gephyrin clustering, indicating that Tesk1-and Dyrk1A-dependent inhibition of sprouty2 may be required for gephyrin clustering (Fig. 6J) . GSK3␤ was previously shown to negatively regulate gephyrin clustering (Tyagarajan et al., 2011a) . Accordingly, overexpression of caGSK3␤ lacking Ser9 reduced gephyrin clustering (Fig. 6J) . In conclusion, application of MEK2-specific siRNA and dnMEK2 as well as overexpression of sprouty2 clearly indicated that the MAPK pathway is involved in gephyrin clustering in primary neurons, too.
Activation of MAPK and mTOR signaling in primary neurons
Our results imply an involvement of both MAPK and PI3K pathways in the BDNFdependent regulation of gephyrin clustering. For further confirmation, we analyzed the activation state of specific signaling components of both pathways in primary neurons (Fig. 7) . As expected, BDNF induced phosphorylation of ERK1/2 and Akt in primary neurons. ERK1/2 phosphorylation was inhibited by MEK inhibitor U0126, while Akt phosphorylation was inhibited by PI3K inhibitor (LY294002; Fig. 7B,C) , suggesting activation of canonical MAPK and PI3K pathways by BDNF (Reichardt, 2006) .
Inspection of mTOR phosphorylation revealed that BDNF treatment induced serine 2448 phosphorylation significantly, while no significant effects were observed on serine 2481 (Fig. 7 D, E) . Serine 2481 is a target of mTOR autocatalytic, rapamycinsensitive activity and may reflect the activation status of mTOR (Soliman et al., 2010) . mTOR phosphorylation by Akt or by the mTOR downstream effector S6K1 at serine 2448 accounts for the feedback regulation of mTOR activity (Holz and Blenis, 2005) . Phosphorylation of both sites was significantly blocked by either PI3K inhibitor LY294002 or mTOR antagonist rapamycin. We did not observe an impact of MEK inhibitor U0126, suggesting that mTOR activity was not regulated by a cross talk of the MAPK pathway upstream of mTOR. Thus, BDNF might activate mTOR via the canonical PI3K-Akt pathway.
BDNF stimulation did not induce tyrosine 279/216 phosphorylation of GSK3␤; however, serine 9 phosphorylation was significantly upregulated (Fig. 7 F, G) . Serine 9 phosphorylation was sensitive to PI3K inhibitor LY294002, while MEK inhibitor U0126 and mTOR antagonist rapamycin were ineffective. Therefore, BDNF treatment induces GSK3␤ phosphorylation at serine 9 via PI3K. Since this site negatively regulates the activity of GSK3␤, our data are in accordance with the previous findings that GSK3␤ is a negative regulator of gephyrin clustering (Tyagarajan et al., 2011a) . Accordingly, GSK3␤ deleted in Ser9 inhibits gephyrin clustering (Fig. 6 J) .
In summary, BDNF/TrkB-induced gephyrin clustering is accompanied by the activation of the MAPK and the PI3K-Akt pathway. PI3K-Akt signaling activates mTOR, while GSK3␤ becomes inactivated. MAPK signaling appeared not to modulate mTOR via cross talk to Tsc1/2 (Tee et al. 
Activated mTOR dissociates from gephyrin
To elucidate a possible role of mTOR for gephyrin clustering more precisely, we performed coprecipitation experiments. We asked whether endogenous mTOR associates with gephyrin in neurons and whether the activation of mTOR modulates the interaction with gephyrin. Our results show that endogenous mTOR and gephyrin coprecipitated from lysates prepared from dissociated cortical neurons (Fig. 8 A) . BDNF stimulation significantly decreased gephyrin-mTOR coprecipitation, indicating that direct or indirect interactions between gephyrin and mTOR were weakened upon mTOR stimulation (Fig. 8 B, C) . Accordingly, application of the mTOR inhibitor rapamycin increased gephyrin-mTOR interactions dramatically, indicating that inactive mTOR efficiently complexes with gephyrin. Rapamycin Figure 8 . Gephyrin and mTOR interaction after treatment with BDNF or mTOR inhibitor rapamycin. A, Coimmunoprecipitation of gephyrin and mTOR using an antibody against mTOR for precipitation either preincubated or not preincubated with a blocking peptide as well as protein A-Sepharose beads alone. Gephyrin and mTOR were analyzed in lysates and precipitates by specific antibodies as indicated. B, Immunoprecipitations of gephyrin and mTOR using an mTOR-specific antibody for precipitation. Gephyrin and mTOR were detected by specific antibodies in lysates and precipitates as indicated. Cultured neurons were pretreated with DMSO or rapamycin for 30 min followed by BDNF stimulation for 30 min before lysis. C, Densitometric analysis of the relative amount of immunoprecipitated gephyrin after treatments as indicated in B. Band intensities are given as ratios of gephyrin/mTOR normalized to DMSO control, n ϭ 3, *p Ͻ 0.05 relative to DMSO, ANOVA. Error bars represent SEM.
treatment also increased gephyrin-mTOR association in the absence of exogenous BDNF. In conclusion, these results imply that inactive mTOR interacts with gephyrin. Activated mTOR dissociates from gephyrin and may thereby release gephyrin for submembrane association and clustering.
mTOR inhibition resembles the pharmacological blockade of inhibitory receptors Our results suggest a crucial contribution of mTOR activation for gephyrin clustering, which may also regulate the clustering of GABA A receptors. If this holds true, interference with mTOR signaling should disturb inhibitory synapse functions. To test this hypothesis, dissociated cortical neurons were cultivated on microelectrode arrays for 21 d when stable neuronal networks have been established. Network properties were analyzed in control cultures, in cultures treated with rapamycin, and in cultures treated with the GABA A receptor blocker gabazine (SR 95531). Stable networks were defined based upon the bursting behavior in which a large percentage of cells engaged in simultaneous population activity (Chiappalone et al., 2006; Mazzoni et al., 2007) . As shown in Figure 9A , cells in such networks exhibited spontaneous activity with a high percentage of spikes (36%; n ϭ 539 cells) occurring within Ͻ50 ms. To assess the effect of rapamycin, eight cultures were treated for 3 d with rapamycin (1 M) and three cultures were treated with gabazine (20 M, 30 min) and five more cultures served as controls and were not treated at all. The probability to measure interspike intervals Ͻ50 ms was calculated and averaged over all identified cells. There was a significant increase in short intervals for rapamycin-treated neurons (24% increase; n ϭ 235 neurons) as shown in Figure 9B . The increase was larger for the gabazinetreated neurons (80% increase; n ϭ 148) but did not occur in the control cultures (4% increase; n ϭ 205). It is unlikely that excitatory functions in the neuronal cultures had changed and thus decreased gephyrin or GABA clusters by homeostatic compensation (Rannals and Kapur, 2011) for the following reasons: (1) the mean firing rate and the number of firing neurons in rapamycin-treated cultures estimated at three postapplication time points (see Materials and Methods) did not change significantly, which also excludes an effect on neuronal viability; (2) upon inhibition of excitatory NMDA receptors the probability for long interspike Figure 9 . Physiological differences in neuronal cultures after treatment with mTOR inhibitor rapamycin and GABA A receptor blocker gabazine (SR 95531). Ai, Spike patterns of five neurons before the application of rapamycin (rows 1-5) and 3 d after the application (rows 1r-5r) recorded on the same microelectrode array. Each tick marks the occurrence of a neuronal spike or a short sequence thereof. The dotted rectangle around recording time 250 s is enlarged in Aii. The interspike intervals of individual neurons appear shorter after the application of rapamycin. B, Probability to detect interspike intervals Ͻ50 ms in the spike trains of the neuron changes significantly for the treated cultures but not for the control cultures. The average probability to measure intervals Ͻ50 ms (DIV 21) differs for the four treatments. The average probability increased significantly in cultures treated with rapamycin (**p Ͻ 0.01), gabazine (***p Ͻ 0.001), and rapamycin together with gabazine (***p Ͻ 0.001). There was no change in control cultures (DIV 24). Error bars represent SEM. intervals should increase (Mazzoni et al., 2007 )-opposite to our observation. To further rule out changes in neuronal excitability, we added the blocker gabazine to three cultures that were treated for 3 d with rapamycin. Combination of rapamycin and gabazine did not further enhance the effect of gabazine (79% increase; n ϭ 25; Fig. 9B ). Thus, our results confirm a contribution of mTOR signaling to the stabilization of gephyrin clusters and GABAergic synapses at the functional level.
Discussion
A kinome-wide siRNA screen was used to identify protein kinases implicated in gephyrin clustering. Identification of FGFR1, TrkB, and TrkC and downstream signaling components of the MAPK and PI3K-Akt-mTOR emphasized the pivotal role of RTK signaling. While BDNF activated mTOR signaling, GSK3␤ became inactivated, suggesting a dual role of TrkB signaling. Coprecipitation assays indicated that the mTOR-gephyrin association was dissolved upon mTOR activation. Electrophysiological recordings indicate a requirement of mTOR signaling for GABAergic functions.
The identification of the RTKs FGFR1 and TrkB is in accordance with previous findings that demonstrated an involvement of TrkB in the control of gephyrin clusters in cerebellar neurons (Chen et al., 2011) and of neurofascin-FGFR1 signaling for gephyrin clustering and synaptic stabilization at the axon initial segment of granular neurons of the hippocampus (Kriebel et al., 2011) . Hence, different RTKs either controlled by ligand interactions as in the case of BDNF or by coreceptors (e.g., neurofascin-FGFR1 interactions) account for the control of gephyrin clustering independently of each other. BDNF-TrkB signaling was previously shown to regulate synaptogenesis of inhibitory synapses (Seil and Drake-Baumann, 2000) . Furthermore, BDNF induces a dynamic, time-dependent change in mIPSCs thought to be mediated by transient association of PKC with the ␤3 subunit of GABA A receptors and subsequent endocytosis (Brünig et al., 2001; Jovanovic et al., 2004) . Therefore, stabilization of both GABA A receptors and gephyrin is regulated by BDNF. In the case of excitatory synapses, BDNF-TrkB signaling was shown to modulate postsynaptic functions of glutamatergic synapses by different mechanisms. Spine dynamics and LTP, cytoskeletal rearrangements, and translational control are regulated by BDNF (Bramham, 2008) . Likewise, BDNF facilitates synaptic Ca 2ϩ entry through voltage-gated channels or NMDA receptors and increases the expression and trafficking of AMPA receptors (Minichiello, 2009 ). Therefore, BDNF-TrkB signaling developed as a mechanism regulating synapse formation, stabilization, and function in general.
There are three main signaling pathways triggered after activation of TrkB, including the MAPK, the PI3K-Akt, and the PLC␥ pathways (Yoshii and Constantine-Paton, 2010). Our results provide a novel link between BDNF, MAPK, and PI3K-Akt signaling in the context of gephyrin clustering. The PI3K-Akt pathway controls mTOR via regulation of the Tsc1/2 complex and of the mTOR inhibitor Rheb (Manning et al., 2002; Wullschleger et al., 2006) . Here, we show that BDNF induces gephyrin clustering via mTOR activation. In parallel, BDNFdependent activation of mTOR decreases the association between mTOR and gephyrin. Therefore, gephyrin clustering might require release of the mTOR-gephyrin complex to allow for gephyrin membrane translocation for the formation of postsynaptic scaffolds. By contrast, the authors of a previous report failed to identify an impact of rapamycin on gephyrin-mTOR interactions . This discrepancy may be explained by the use of in vitro binding assay in the previous report, which reflected mechanisms of endogenous proteins only poorly. In addition to the activation of mTOR, PI3K may also be implicated in gephyrin clustering via the regulation of collybistin-phosphatidyl-3-phosphate interactions (Kalscheuer et al., 2009) .
Gephyrin phosphorylation may be a crucial mechanism to regulate clustering. A proteomic screen revealed phosphorylation sites at serines 188, 194, and 200 (Huttlin et al., 2010; Luscher et al., 2011) . Additionally, gephyrin becomes phosphorylated at serine 270 by GSK3␤ resulting in decreased gephyrin cluster formation (Tyagarajan et al., 2011a) . Our results show that the BDNF-stimulated increase in gephyrin clustering is accompanied by increased phosphorylation of GSK3␤ at serine 9, which is implicated in GSK3␤ inhibition (Sugden et al., 2008) . Therefore, BDNF acts at two different levels to increase gephyrin clustering. While BDNF positively controls gephyrin clustering via mTOR signaling, antagonistic gephyrin phosphorylation by GSK3␤ becomes downregulated. Serine 9 phosphorylation may be accomplished by Wnt signaling, Akt, ILK, PKA, and Rsk, the latter of which is downstream of the MAPK pathway (for review, see Medina and Wandosell, 2011) . Our results show that serine 9 phosphorylation was decreased in the presence of the PI3K inhibitor LY294002, but not by the MEK inhibitor U0126. Therefore, our results indicate that BDNF-dependent GSK3␤ inhibition presumably relies on the PI3K-Akt pathway. Possible additional upstream regulators of GSK3␤ phosphorylation may reside in the canonical Wnt signaling pathway. However, an impact of Wnt stimulation on GABA A receptor or gephyrin clustering has not been observed so far (Cuitino et al., 2010) .
BDNF stimulation led to Erk phosphorylation in parallel with the induction of gephyrin clustering, indicating a contribution of the MAPK pathway in parallel with the PI3K-Akt-mTOR pathway. Activity of both MAPK and PI3K-Akt pathways was also found to account for dendritic morphogenesis (Kumar et al., 2005) . It remained unclear whether these pathways act independently of each other or whether they converge on mTOR. In principle, the MAPK pathway may couple into the mTOR pathway via Erk or Rsk phosphorylation of the Tsc1/2 complex (Tee et al., 2003; Ma et al., 2005; Ehninger et al., 2009 ). However, mTOR phosphorylation remained insensitive to MEK inhibitor U0126, suggesting an alternative mechanism.
MAPK signaling may be controlled by sprouty proteins. Accordingly, Tesk1 and Dyrk1A, which represent protein kinases implicated in the phosphorylation and inhibition of sprouty protein(s), were identified in the siRNA screen. Four different sprouty genes were found in the human genome termed sprouty1-4 (Edwin et al., 2009), all of which interact with DYRK1A (Aranda et al., 2008) . Out of the sprouty proteins, sprouty2 is expressed in neuronal dendrites and serves for the negative control of BDNF and FGFR1 signaling required for neuronal differentiation and survival (Gross et al., 2007; Aranda et al., 2008) . Likewise, our results suggest a further function of sprouty2 for gephyrin clustering. In the case of FGFR1 signaling, DYRK1A inhibits sprouty2 via phosphorylation of Thr75. Accordingly, exchange of Thr75 for Ala leads to a decreased FGFRdependent Erk1/2 activation (Aranda et al., 2008) . Here, we showed that DYRK1A expression is also required for gephyrin clustering. The second sprouty2 interaction partner identified in the siRNA screen was Tesk1, which releases the inhibitory function of sprouty2 on ERK1/2 phosphorylation by preventing the interaction of sprouty with the RTK adaptor protein Grb2 (Chandramouli et al., 2008) . Therefore, the impact of both Tesk1, Dyrk1A, and their target sprouty 2 supports the assumption that MAPK signaling is important for gephyrin clustering.
Our results document a comprehensive overview of protein kinases involved in gephyrin clustering. Interestingly, the hits identified correlate with CNS disorders. BDNF and FGFR1 signaling are discussed in the context of stress disorders and depression (Larsen et al., 2010) . Inhibition of GSK3␤ by lithium provides a therapy for mood disorders (Young, 2009) . MEK mutations correlate with cognitive deficits (Dentici et al., 2009) . TSC1/2 mutations and mTOR signaling may be involved in autism and cognitive deficits (Ehninger et al., 2009; Ehninger and Silva, 2011) . Our findings open a new view on signaling pathways relevant for CNS disorders. For a more elaborate picture, it is mandatory to expand the siRNA screen to further protein families to identify novel components implicated in gephyrin clustering. Together, our approach may offer a possibility to analyze signatures of activated signaling pathways in the context of inhibitory synapse stabilization with the aim to understand and classify CNS diseases on a functional basis.
